Introduction
============

The mammalian immune system is composed of two major subdivisions, the innate or nonspecific immune system and the adaptive or specific immune system. While the innate immune response limits the early growth and spread of infectious organisms, only together with the subsequently mounted adaptive response most pathogens like viruses, bacteria, fungi, unicellular parasites can be finally warded off. Such infectious microorganisms are recognized via their pathogen-associated molecular patterns, such as lipoteichoic acid, lipopolysaccharides, or abundant nonmethylated CG motifs in DNA. The best characterized class of pathogen-associated molecular pattern sensors are the Toll-like receptors (TLRs).^[@bib1]^

TLRs are classified according to the nature of their activating ligands, with TLR-9 recognizing bacterial DNA.^[@bib1]^ The presence of unmethylated cytosine-guanosine dinucleotides (CpG),^[@bib2]^ which are under-represented in nuclear DNA, allows mammalian cells to differentiate foreign bacterial DNA from self-DNA. Due to its bacterial endosymbiotic evolutionary history, self-mitochondrial DNA from energy-deficient cells with leaky mitochondria may bind and stimulate TLR-9. Thus, TLR-9 is the only dead-associated molecular pattern-detecting TLR in mammalian cells^[@bib3],[@bib4]^ and therefore an effective target for anticancer therapies.

TLR-9 is an intracellular protein, and is exclusively expressed in resting human immune cells by plasmacytoid dendritic cells (pDCs) and B lymphocytes (B cells).^[@bib5],[@bib6]^ Intracellular signaling triggered by TLR-9 activation results in recruitment of the myeloid differentiation primary response protein 88 (MyD88), that initiates a signaling cascade to activate (i) NFκB, leading to the production of proinflammatory cytokines and acquisition of antigen-presenting functions, and (ii) interferon (IFN) regulatory factor 7 (IRF7) activity leading to type I IFN production.^[@bib7],[@bib8]^ IFN-α released by pDCs^[@bib9]^ is a cytokine, which is central to linking the innate and adaptive immune response.^[@bib10],[@bib11]^ IFN-α activates monocytes, natural killer (NK) cell lytic activity, and IFN-γ secretion, and promotes the immunomodulatory functions of myeloid dendritic cells (mDCs) to initiate adaptive immune responses.^[@bib10]^ IFN-α induces B cells to differentiate and produce immunoglobulins.^[@bib10],[@bib12]^ Furthermore, upon TLR-9 activation, pDCs differentiate to direct T cell polarization by inducing upregulation of major histocompatibility complex class II and other T cell-activating molecules.^[@bib11]^

Due to this double tracked activation of the immune system, TLR-9 agonists are promising therapeutics as vaccine adjuvants, anti-infectives, antiallergens, and anticancer tools.^[@bib7],[@bib13],[@bib14],[@bib15]^ In recent years, many TLR-9-binding ligands have been developed and classified according to structure and biologic profile into classes A, B, and C. Structurally, all those TLR-9-binding ligands are composed of short linear DNA molecules with phosphothioester bonds in the DNA backbone (phosphorothioate oligonucleotide), differing in their base sequence, extent of phosphorothioate oligonucleotide modification, and aggregation potential. Class A agents strongly induce IFN-α secretion from pDCs, but only moderate pDC maturation and poor activation of B cells.^[@bib16],[@bib17]^ In contrast, class B agents, such as ODN2006 (also known as CPG7909 or PF-3512676), induce poor IFN-α secretion from pDCs, but are strong activators of pDC maturation and B cells.^[@bib17],[@bib18]^ Class C agents, such as M362, have immunomodulatory properties intermediate between class A and B ODN, induce strong IFN-α secretion and high expression of costimulatory molecules on pDCs.^[@bib19],[@bib20]^

dSLIM (double-Stem Loop ImmunoModulator; MGN1703) is a covalently closed DNA molecule, does not contain any unnatural modification, and has a dumbbell-shaped structure. This immunomodulatory agent is constituted by two single-stranded loops of 30 nucleotides each. The two loops are spanned and spaced by a double-stranded stem of 28 base pairs. Both loops comprise three effective nonmethylated CG motifs conferring exact point symmetry to dSLIM. dSLIM was designed by B.W. and is proprietary of Mologen AG. The rational design was based on a stretch of immunostimulatory sequences present in the ampR gene found in bacteria^[@bib21]^ that B.W. embedded in a flexible and easily accessible conformation: the single-stranded DNA loops. Both loops were connected by a double-stranded DNA stem serving several purposes: (i) conferring stability against exonuclease activity by avoiding free 3′-OH groups in dSLIM, (ii) avoiding artificial DNA-protecting groups like phosphorothioates that were realized to elicit unwanted effects in mammalian organisms,^[@bib22],[@bib23]^ (iii) spacing both sets of immunostimulatory sequences of the loops in a flexible and effective distance, (iv) clustering sets of immunostimulatory sequences of the loops in an effective, known, and controllable ratio.

The unique structure of dSLIM results in an immunoreactive cellular activation profile that differs from that triggered by linear, single-stranded, phosphorothioate oligonucleotide-modified TLR-9 agonists. Here we describe the effect of dSLIM on the human immune response, in particular cytokine secretion and activation of immune cells and their subpopulations via pDC activation. These events trigger both the innate and the adaptive arm of the immune response that together are mandatory for the effective elimination of malignant cells from the body.

Results
=======

Structure and physic parameters of dSLIM
----------------------------------------

dSLIM is a small DNA molecule built from 116 nucleotides, linked into a circular, nonbranched structure by natural phosphodiester bonds. The internal stretches of reverse complementary DNA sequences result in the formation of a covalently closed dumbbell-shaped molecule, comprising of two single-stranded loops connected by a double-stranded stem (**[Figure 1a](#fig1){ref-type="fig"}**). All loop bases, in particular the three CG motifs, are present in a dimer constellation; the bending capability of the bridging stem results in an adjustable space between the loop bases. The stem was identified to be a highly rigid double-stranded DNA, with a melting temperature of 83 °C at the experimental salt concentration (**Supplementary Data**, **Supplementary Figure S1**). Due to the closed circular structure, dSLIM is protected against exonuclease activity. As depicted in the **Supplementary Figure S2**, the conformational guard apparently protected better than phosphorothioate modifications at the backbone: the latter just retarded, but did not impede degradation.

Biologic effects of dSLIM
-------------------------

*Cellular activation.* Within the peripheral blood mononuclear cell (PBMC) pool, activation of relevant immune cells upon dSLIM exposure was evident and significant (*P* \< 0.001; **[Figure 1b](#fig1){ref-type="fig"}**): CD40 was upregulated on pDCs, as well as HLA-DR (major histocompatibility complex class II). Also, more HLA-DR per cell was expressed by mDCs that concomitantly boosted up CD86 assembly at their plasma membrane. B cells were activated as shown by additional B cells expressing CD86. Monocyte activation was indicated by upregulation of CD86 and CD169 expression.

NK, natural killer T cells NKT, and T cells were induced by dSLIM to express the activation marker CD69. NK cell activation was also monitored by the elevated cytotoxicity against target cells: PBMCs treated with dSLIM showed a concentration-related NK-cell--dependent cytotoxicity against Jurkat cells (**[Table 1](#tbl1){ref-type="table"}**). All cellular activations were dependent on dSLIM CG-motifs and were not elicited by exposure of PBMCs to a molecule with T exchanged for C in all 6 CG motifs (**Supplementary Figure S3**).

*Cytokine secretion from PBMCs.* Secretion of IFN-α, macrophage inflammatory protein (MIP)-1α, MIP-1β, IL-6, IFN-γ, IFN-γ-induced protein 10 (IP-10), monocyte chemotactic protein (MCP)-1, and IL-8 from PBMCs was significantly increased by dSLIM. No alterations in secretion of IL-12p70, monokine induced by γ-IFN (MIG) and tumor necrosis factor (TNF)-α were detected (**[Figure 2a](#fig2){ref-type="fig"}**). Also, secretion of cytokines was dependent on the presence of CG-motifs in dSLIM (**Supplementary Figure S4**).

Assessment of cytokine secretion by PBMCs over 80 hours revealed a release of most cytokines during the first 48 hours of exposure to dSLIM (**[Figure 2b](#fig2){ref-type="fig"}**). The low IFN-α levels measured in PBMCs (compare IFN-α concentrations measured in the supernatant from isolated pDCs, see "cellular targets") were most probably caused by cellular consumption of secreted IFN-α before measurement. A slow time course was charted for IFN-γ release, which secretion increased slowly and progressively during the 80 hours period and did not reach plateau level. MIP-1α and MIP-1β concentrations showed the fastest time course of the cytokines monitored, and peaked after \~30 hours. After this time, levels declined presumably due to consumption and/or degradation.

Cellular targets of dSLIM
-------------------------

*TLR-9-positive cells: pDCs.* In isolated pDCs, dSLIM was associated with significant upregulation of the costimulatory molecules CD80, OX-40L, and CD86 (**[Figure 3a](#fig3){ref-type="fig"}**), while repressive molecules were not positively modulated by dSLIM: the immunosuppressive protein programmed cell death receptor 1 (PD-L1) ligand was expressed only on a minority of pDCs and was not upregulated upon dSLIM incubation; the inhibitory dendritic cell immunoreceptor (DCIR) was significantly downregulated after exposure to dSLIM.

The pattern of cytokine secretion from pDCs was particular to dSLIM and was strongly dependent on the presence of CG motifs in dSLIM: induction of IFN-α, MIP-1β, MIP-1α, IL-6, TNF-α, and IL-8 secretion was significantly increased in pDCs cultured in the presence of dSLIM compared with medium alone (**[Figure 3b](#fig3){ref-type="fig"}**). However, these cytokines were barely induced in pDCs cultured with a dSLIM derivative that had the six CpGs in the loop CG motifs replaced by TpG each (non-CG dSLIM; **[Figure 3c](#fig3){ref-type="fig"}**).

From PBMCs devoid of pDCs, no IFN-α release was detected after incubation with dSLIM (**[Figure 4a](#fig4){ref-type="fig"}**). Consequently, in the absence of pDCs as main producer of IFN-α in PBMCs, also activation of the main cellular targets responding to IFN-α (NK cells, monocytes, and mDCs) was abrogated in pDC-depleted PBMC (**[Figure 4b](#fig4){ref-type="fig"}**). Further, neither IFN-γ nor IP-10 secretion was monitored in pDC-depleted PBMCs (**[Figure 4a](#fig4){ref-type="fig"}**). Given that IFN-γ and IP-10 were not found to be secreted by isolated pDCs, it is likely that the production of these cytokines was due to an indirect effect of dSLIM on TLR-9-negative cells within the PBMC pool.

*TLR-9-positive cells: B cells.* dSLIM activated isolated human B cells but less pronounced than pDCs. dSLIM exposure of isolated B cells resulted in an increased number of cells expressing CD80 and CD86, as well as CD40. However, no change in HLA-DR expression was observed (**[Figure 5a](#fig5){ref-type="fig"}**). Increased secretion of MIP-1α, IL-6, TNF-α, and IL-8 was observed in B cells cultured with dSLIM compared with medium alone (**[Figure 5b](#fig5){ref-type="fig"}**). Secretion of MIP-1-β and MCP-1 was also induced, but levels did not differ significantly from the dSLIM-free culture conditions. The most relevant cytokines secreted by PBMCs upon dSLIM incubation, IFN-α, IP-10, and IFN-γ, were not detected in the supernatants of isolated B cells. B cell-depleted PBMCs cultured with dSLIM showed reduced release of IFN-γ and IP-10, and resulted in almost complete inhibition of MCP-1 secretion compared with nondepleted PBMCs cultured in the presence of dSLIM (**[Figure 5c](#fig5){ref-type="fig"}**). In contrast to the unresponsiveness of TLR-9-negative cells in pDC-depleted PBMCs, removal of B cells from PBMCs significantly reduced, but did not blunt dSLIM-associated cytokine secretion (IFN-γ and IP-10) and cellular activation of NK cells, mDCs, and monocytes (data not shown).

*TLR-9-negative cells: monocytes.* Although monocytes are devoid of TLR-9, they are stimulated upon dSLIM exposure in the context of PBMC culturing. Intracellular flow cytometry revealed monocytes as the main producer of IP-10 within PBMCs after dSLIM exposure (**Supplementary Figure S5**). Apparently, monocytes were also an important amplificator for IFN-α release probably via a feed forward mechanism as dSLIM-triggered IFN-α secretion significantly dropped after monocyte depletion from PBMC; IFN-γ release from PBMC was unaffected by the absence or presence of monocytes.

Pharmacodynamics of dSLIM
-------------------------

Activation of an NFκB reporter cell line, ELAM41, by dSLIM was dose dependent and plateaued above 3 µmol/l (**[Figure 6a](#fig6){ref-type="fig"}**). In ELAM41 cells, dSLIM activated enhanced green fluorescent protein (eGFP)-mediated fluorescence (a measure of TLR-9 activation) with an EC~50~ of ≈100 nmol/l. A dSLIM derivative with all CpGs in the loop CG motifs replaced by TpG did not induce eGFP expression. A concentration-dependent saturation (0.2--20 µmol/l dSLIM) was evident in PBMCs where dSLIM activity was measured as release of either IP-10, IFN-α, or IFN-γ (**[Figure 6b](#fig6){ref-type="fig"}**). A similar relationship was observed in TLR-9-negative NK cells in the context of PBMCs (**[Figure 6c](#fig6){ref-type="fig"}**). In TLR-9-positive cells, *i.e.*, B cells and pDCs, induction of the activation marker CD86 was also strongly concentration-dependent, but did not saturate up to 20 µmol/l dSLIM (**[Figure 6d](#fig6){ref-type="fig"}**).

Comparison with immunomodulatory CpG ODNs
-----------------------------------------

In addition to its sequence, base composition and conformation, all essentially distinct to class A, B, and C ODN, dSLIM also differs in terms of its immunomodulatory effects, both in potency and mechanism: the potency of dSLIM (EC~50~: 0.1 µmol/l) in TLR-9-positive ELAM41 cells was much higher than that developed by either class of CpG ODN (EC~50~ of class A ODN ODN2216: 1.5 µmol/l, EC~50~ of class B ODN ODN2006: 0.4 µmol/l, and EC~50~ of class C ODN M362: 0.8 µmol/l; **[Figure 7a](#fig7){ref-type="fig"}**).

The stimulatory effect of TLR-9 agonists can be inhibited by chloroquine, a lysosomotropic agent that prevents endosomal acidification.^[@bib24]^ ODN2216, ODN2006, and M362, as well as dSLIM activation of ELAM41 cells were inhibited in a concentration-dependent manner by chloroquine (**[Figure 7b](#fig7){ref-type="fig"}**). Interestingly, the observed IC~50~ values for chloroquine on ELAM41 cells that had been half maximally stimulated by TLR-9 agonists of the different classes, differed but did not reflect the EC~50~ values of those TLR-9 agonists. While dSLIM needed the lowest amount of all investigated TLR-9 agonists to half maximally stimulate the TLR-9 pathway, it required the highest chloroquine concentrations in order to be inhibited at the internalization step. On the other hand, ODN2216 was half maximally effective at the highest concentration (1.5 µmol/l) of all TLR-9 agonists investigated; the concentration of chloroquine required to blunt this low potent ODN2216 activation was almost as high as that required to blunt ELAM41 cell stimulation by the highly potent dSLIM while the medium potent ODN2006 activations and M362 activations were very sensitive for chloroquine inhibition.

In the complex system of PBMC activation, the stimulatory profiles of ODN2216 and ODN2006 varied, and were also different to the dSLIM footprint. While secretion of IFN-γ from PBMCs was observed following incubation with dSLIM, ODN2006, and ODN2216, secretion of IFN-α and IP-10 was only observed following incubation with dSLIM and ODN2216 (**[Figure 7c](#fig7){ref-type="fig"}**). While ODN2216 was a better IFN-α inducer, PBMCs released marginally more IP-10 upon dSLIM incubation than in the presence of ODN2216; ODN2006 induced neither IFN-α nor IP-10 secretion at the common agonist concentrations (3 µmol/l). However, ODN2006 could induce some IFN-γ, low IFN-α, and marginal IP-10 secretion at minor concentrations applied (**Supplementary Figure S6**). Activation of immune cells indicated by the expression level of surface markers also differed according to the type of TLR-9 agonist. ODN2006 was a poor activator of monocytes and NK cells, while ODN2216 and dSLIM activated monocytes to almost the same extent; however, ODN2216 activated more NK cells than was observed with equimolar dSLIM concentrations (**[Figure 7d](#fig7){ref-type="fig"}**). The 3 µmol/l concentrations of all TLR-9 agonists investigated were above the individual EC~50~ values for ELAM41 cells, and were able to provoke maximal responses across all measured parameters in PBMCs; therefore, the observed differences in efficacy reflect TLR-9 agonist-specific features rather than insufficient occupancy of the TLR-9 receptor.

Discussion
==========

dSLIM is an immunomodulatory, noncoding DNA molecule with a base sequence that accounts for one-twentieth a microbial gene sequence.^[@bib21]^ Although dSLIM is synthesized *de novo* on a solid-phase synthesizer, it contains only natural components connected by phosphodiester bonds comprised in genuine DNA. Due to the presence of clustered unmethylated CpGs in the single-stranded loops, dSLIM activates a broad set of immune cells either directly or via activation of cytokine secretion from primary target cells. A direct dSLIM-dependent modulation was observed with TLR-9-positive cells, pDCs and B cells, with respect to costimulatory cell surface markers (CD80, CD86, CD40 (only B cells), and OX-40 (only on pDCs), downregulation of the inhibitory DCIR (only on pDCs)), and elevated cytokine secretion (MIP-1α, MIP-1β, IL-6, TNF-α, and IL-8 from both cell types; elevated secretion of IFN-α from pDCs exclusively). Additionally, TLR-9-negative cells such as T, NK, NKT cells, mDCs, and monocytes were activated upon exposure to dSLIM. These should be considered as indirect effects of dSLIM, as no NK cell, monocyte, or mDC activation could be observed after removal of pDCs from the PBMC suspension. The most relevant cytokines responsible for this indirect effect of dSLIM on TLR-9-negative cells were (i) IFN-α, exclusively released from pDCs, and (ii) MIP-1α, MIP-1β, IL-6, TNF-α, and IL-8 released from pDCs, as well as B cells.

Exposure to dSLIM released IFN-α from pDCs and upregulated CD169 in monocytes from PBMCs; the expression of CD169 has recently been shown to be part of a type I IFN response.^[@bib25],[@bib26]^ The emerging picture suggests a dSLIM triggered activation cascade, in which dSLIM directly activates pDCs by TLR-9 stimulation to secrete IFN-α, which results in this strong activation of an immune response also involving TLR-9-negative immunomodulatory cells. IFN-γ and IP-10 secretions were upregulated after activation of PBMCs with dSLIM, but not from isolated pDCs or B cells. Furthermore, IFN-γ and IP-10 secretion from PBMCs continued after B cell removal, indicating that the source of these cytokines was from a different cell type within the PBMC pool. IFN-γ has to be ascribed to NK and NKT cell secretion while monocytes were shown to be the main source for the chemokine IP-10.

All observed effects of dSLIM were abolished after pDC removal, and considerably diminished after B cell removal from PBMCs, implying that TLR-9-positive cells play a major role in the mechanism of action of dSLIM. TLR-9 is known to be stimulated by unmethylated CpG of DNA molecules. When all CG motifs in dSLIM loops were switched to TpGs, the non-CG dSLIM no longer activated immune cells (see **[Figure 3c](#fig3){ref-type="fig"}**; **Supplementary Figures S3 and S4**) or the reconstructed signaling cascade in ELAM41 cells (see **[Figure 6a](#fig6){ref-type="fig"}**). We cannot exclude that after forced delivery via transfection into early endosomes, non-CG dSLIM may exert some TLR-9 activation similar to that shown by Haas *et al*.^[@bib27]^ for phosphodiester oligonucleotides. However, genuine uptake of non-CG dSLIM resulted in cellular activity and cytokine secretion not significantly different from activities of unstimulated cells, and thereby followed CpG-specificities shown for class A TLR-9 agonists.^[@bib16],[@bib28]^ Similar to other TLR-9 agonists, dSLIM activation was impeded by inhibitory^[@bib29]^ DNA ODNs (data not shown) or chloroquine.

dSLIM exhibits a unique structure that results in an individual biologic signature: dSLIM has six CpGs per molecule, with three clustered in each loop. At temperatures up to 37 °C, at least one CpG in each loop is predicted to be unpaired and free for TLR-9 binding; up to ≈53 °C intraloop base pairing becomes less probable, exposing up to three CpGs in each loop, while the double-stranded stem is minimally molten under 80 °C. Consequently, dSLIM provides a two-ligand scaffold for TLR-9 dimerization that may be reflected by the Hill slope of 0.8 developed for ELAM41 cells. In contrast, class A (ODN2216, Hill Slope 1.9) and class C (M362, Hill Slope 1.6) CpG ODNs may form higher order structures to stimulate TLR-9. The required aggregation of CpG ODNs before TLR-9 activation may also result in the higher EC~50~ values displayed by members of class A and C TLR-9 agonists compared to dSLIM. Those high molecular weight structures have been proposed to be necessary for specific endosomal translocation^[@bib30],[@bib31]^ and obviously were matched by dSLIM\'s proprietary defined structure. On the other hand, cellular uptake by mouse macrophages was indistinguishable from ODN2006 uptake (5 minutes time resolution; data not shown).

The structure of dSLIM results in a unique biologic footprint where dSLIM displays an immunomodulatory profile, which is distinct in quality and quantity from that of all three CpG ODN classes. With good activation of pDCs and moderate activation of B cells, dSLIM-mediated cellular activation differs from ODN2006 effects. The low efficiency of ODN2006 seen on ELAM41 cells may be attributed to toxic effects of the many phosphorothioates present in its backbone. Similarly, ODN2006 stimulatory effect on cytokine secretion from PBMC was limited to very low doses (see **Supplementary Figure S6**). Of the three classical ODN types of TLR-9 agonists studied, ODN2216 was the most similar to dSLIM in terms of activating pDCs, B cells, monocytes, and NK cells, and releasing IP-10 and IFN-γ, although it was associated with significantly more IFN-α production. It remains to be seen if such a tremendous IFN-α release results in a superior overall immunologic response against infections or cancer cells: although ODN2216 induced almost a 10-fold higher IFN-α secretion from pDCs than dSLIM, the second line of activation, *i.e.*, monocyte activation, was equally pronounced with ODN2216 or dSLIM.

Direct and indirect actions of dSLIM resulted in strong activation of the key players of the innate immune response: monocytes (which secrete immunomodulatory cytokines and remove antigens from blood and lymph by internalization), and NK cells (responsible for secreting additional immunomodulatory cytokines and selectively eliminating harmed cells by inducing apoptosis). This specific cytotoxic effect of NK cells against tumor cells was shown to be induced by dSLIM. Activation of dendritic cells as antigen-presenting cells, activation of T cells, and activation of B cells take place simultaneously, synergizing with the regulated IFN-γ secretion to induce the T~H~1 arm of the adaptive immune response. The adaptive arm of antitumor response is further enforced by type I IFN activating CD8-α-positive dendritic cells that cross-present antigens to cytotoxic T cells.^[@bib32],[@bib33],[@bib34]^ Furthermore, dSLIM-activated monocytes differentiate into CD169-bearing macrophages that have been shown to be involved in the cross-presentation of tumor-associated antigens in mice.^[@bib35],[@bib36]^ Such strong activation of both innate and adaptive immune response is thought to be a prerequisite for an effective antitumor response,^[@bib37]^ further enhanced by dSLIM activation of monocytes to release the angiostatic^[@bib38],[@bib39]^ IP-10.

All effects of dSLIM described here at the molecular and cellular level translate well into systemic effects: In mouse studies, tumor cell vaccination utilizing a syngeneic system was shown to be enhanced by dSLIM,^[@bib40]^ affirming *in vivo* the broad immunomodulatory effect of dSLIM observed *in vitro* on key cells of both the innate as well as adaptive immune response. dSLIM is also being tested in humans as an adjuvant in a cell-based therapeutic vaccine against tumor-associated antigens. In this clinical study (ASET, registered \#NCT01265368), dSLIM combined with gene-modified, allogeneic tumor cells (MGN1601) shows promising preliminary efficacy in patients with late stage metastatic renal cell carcinoma disease.^[@bib41]^

dSLIM molecules (MGN1703) are under investigation in a phase 2 clinical trial metastatic colorectal carcinoma (IMPACT, registered \#NCT01208194).^[@bib42]^ In this study where bi-weekly 60 mg of MGN1703 was subcutaneously applied, dSLIM was well tolerated with some patients have been receiving treatment in excess of 2 years without major adverse effects.^[@bib43]^ One important reason for such a smooth transition from basic research into clinical efficacy may be the sustained concentration--efficacy relation illustrated on model ELAM41 cells as well as isolated PBMCs and cellular subpopulations thereof. Furthermore, dSLIM did not show inhibitory effects on its primary targets pDCs and B cells even at concentrations 10-fold higher than routinely used for immunoactivation. The lack of detectable systemic toxicity of dSLIM may be due its composition of only natural, *i.e.*, nonmodified DNA, granting the mere absence of TLR-9 off-target effects. Clinically, dSLIM maintenance treatment improves progression-free survival and shows durable disease control compared to placebo in patients with advanced colorectal cancer. In this IMPACT study, upregulation of CD169 on human circulating monocytes as part of the IFN-α signature was observed,^[@bib43]^ and we have also indication for activation of circulating pDCs.^[@bib44]^ Therefore, primary signaling cascades and subsequent pathways triggered by dSLIM on isolated PBMCs and model cell systems are also upregulated after systemic administration of dSLIM indicating that the presented experimental data set of the immunomodulator dSLIM finds confirmation *in vivo*.

Materials and methods
=====================

*Immunomodulatory DNA molecules.* dSLIM was generated from eODN CTAGGGGTTACCACCTTCATTGGAAAA*CG*TTCTT*CG*GGG*CG*TTCTTAGGTGGTAACCC by dimer-circularization according to Schmidt *et al*.^[@bib45]^ Non-CG dSLIM was synthesized from ODN CTAGGGGTTACCACCTTCATTGGAAAA*TG*TTCTT*TG*GGG*TG*TTCTTAGGTGGTAACCC. CpG ODNs ODN2216, ODN2006, and M362 were synthesized by Microsynth (Balgach, Switzerland) or TIB Molbiol (Berlin, Germany).

The conformational structure of dSLIM under isotonic conditions was calculated using the mfold web server <http://www.bioinfo.rpi.edu/applications/mfold/>.^[@bib46]^

*Cell isolation and activation.* Buffy coats from healthy donors were obtained from the "DRK-Blutspendedienst---Ost" (Berlin, Germany). PBMCs were isolated by density gradient centrifugation using Ficoll (Biochrom, Berlin, Germany; now Merck Millipore). pDCs were prepared using the Human Diamond pDC Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer\'s instructions. pDCs were removed from PBMCs using the CD304 MicroBead Kit (Miltenyi Biotec). B cells were removed from PBMCs using the CD19 MicroBead Kit (Miltenyi Biotec).

Cells were cultured in complete medium (RPMI1640; Lonza, Basel, Switzerland) with 2 mmol/l UltraGlutamine (Lonza) supplemented with 10% (v/v) fetal calf serum (Linaris, Dossenheim, Germany), 100 U/ml penicillin, and 100 µg/ml streptomycin in flat-bottom plates (6 million PBMCs/ml, 2 million B cells/ml) or 96-well round bottom plates (0.25 million pDCs/ml, in the presence of 10 ng/ml recombinant IL-3 (PeproTech, Hamburg, Germany)).

*Cytotoxicity assay.* Jurkat cells (DSMZ, Braunschweig, Germany) were used as target cells and labeled for 5 minutes at 37 °C in RPMI1640 (Lonza) with the lipophilic dye DiI (Invitrogen/Life Technologies, Darmstadt, Germany) at a final concentration of 1 µmol/l. After 18 hours, 50,000 target cells were cocultured with effector cells (treated PBMCs) in three different ratios (effector: target 20:1, 10:1, and 5:1). For positive control, PBMCs were cultured in 2,000 U/ml IL-2 (PeproTech). Cultures were performed in complete medium and were run for 4 hours at 37 °C in 96-well round bottom plates in duplicates. Subsequently, cells were stained with 7-AAD (BD Biosciences, Heidelberg, Germany). On a FACSCalibur (BD Biosciences), 5,000 target cells were acquired. The percentage of dead target cells was determined from 7-AAD-positive cells and specific cytotoxicity was calculated:

Specific cytotoxicity (%) = (( % 7-AAD^+^ of Dil^+^~induced~) --(% 7-AAD^+^ of Dil^+^~spontaneous~))/(100 -- % 7-AAD^+^ of Dil^+^~spontaneous~)\*100.

*NFκB reporter assay and flow cytometry.* Mouse macrophages RAW 264.7 cells were transfected with the *cds* of d2-eGFP (Takara Bio Europe/Clontech, Saint-Germain-en-Laye, France) under an optimized promoter of the human elastin gene (Entrez Gene ID 2006). The promoter region had been amplified from genomic DNA using primers CKm512fw TCGCGAGCCACTGTGCCTGGCCTCC (*Bsp*68I) and CKm513rev GGTCTCAGGCGGCCTGCTGCCTCTGTTTCAGGTC (*Eco*31I), and ligated to appropriately generated termini of the cDNA of d2-eGFP (*Eco*31I/*Eco*RI) into pcDNA3.1(-)(*Bsp*68I/*Eco*RI; Invitrogen). Stable transfected cells were selected for G418 resistance to generate the stable cell line ELAM41. ELAM41 cells were seeded at a density of 125,000/cm^2^. After 24 hours at 37 °C, immunomodulatory DNA was added for another 7 hours at the indicated concentrations.

All flow cytometric parameters of cells were acquired on a FACSCalibur. Frequencies were related to living cells, or parent populations were indicated; geometric means of fluorescent cells were indicated as mean fluorescent intensity. Data were analyzed with the FlowJo software (Tree Star, Ashland, Oregon).

*Cell surface staining for activation.* Extracellular plasma membrane-bound proteins were stained on intact cells with monoclonal antibodies in phosphate-buffered saline containing 10% (v/v) human serum, 2.5% (v/v) fetal calf serum, and 0.1% (w/v) azide on ice. The following antibodies were used: anti-lineage cocktail 1, anti-CD123 (7G3), anti-HLA-DR (L243), anti-CD40 (5C3), anti-CD11c (B-ly6), anti-CD86 (2331 FUN-1), anti-CD19 (4G7), anti-CD69 (FN50), all from BD Biosciences; anti-CD14 (61D3), anti-CD169 (7--239), anti-CD3 (OKT-3), anti-CD56 (MEM188), anti-CD80 (2D10), all from eBioscience (Frankfurt a.M, Germany).

*Determination of cytokines.* Secreted cytokines were accumulated in cell growth medium for 2 days if not indicated otherwise. Enzyme-linked immunosorbent assays for IFN-α (eBioscience), IFN-γ (OptEIA Human IFN-γ ELISA Set, BD Biosciences), IP-10, IL-8, and MCP-1 (all from R&D Systems, Wiesbaden-Nordenstadt, Germany) were performed in duplicates according to the manufacturer\'s instructions. Optical density was measured at 450 nm; the data were analyzed with the MicroWin software (Berthold Technologies, Bad Wilbad, Germany).

Alternatively, cytokine levels in the cell growth medium were determined in duplicates by a bead-based multiplex immunoassay (FlowCytomix from eBioscience) according to the manufacturer\'s instructions. Data were acquired on a FACSCalibur and evaluated with the FlowCytomixPro software (eBioscience).

*Statistical analysis.* Data were analyzed with GraphPad Prism 6 (GraphPad Software, La Jolla, CA). If not otherwise indicated, means of the stated number of independent experiments are shown. The paired *t*-test was used to analyze differences between two culture conditions. Repeated measures one-way analysis of variance with Fisher\'s least significant difference test was used for the comparisons of three and more culture conditions and with Dunnett\'s multiple comparison test to compare the differences between activators and the negative control. *P* \< 0.05 was considered significant.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1.** Thermal Dissociation of dSLIM and educt ODN. **Figure S2.** Stability against exonuclease activity. **Figure S3.** Cellular activation by non-CG dSLIM. **Figure S4.** Cytokine secretion by non-CG dSLIM. **Figure S5.** Monocytes are the IP-10 secreting cell population in PBMCs. **Figure S6.** ODN2006 shows some activity at low concentrations. **Supplementary Data**.
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Monocytes are the IP-10 secreting cell population in PBMCs.

###### 

Click here for additional data file.

###### 

ODN2006 shows some activity at low concentrations.
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![**Structure of double-Stem Loop ImmunoModulator (dSLIM) and cellular activation of human peripheral blood mononuclear cells (PBMCs) by dSLIM**. (**a**) Sequence and conformation of dSLIM under isotonic conditions. Potential base pairings in the loop structures were predicted for 4, 37, and 80 °C by bioinformatical tools, and are indicated by lines connecting pairing bases. Blue lines indicate base pairings at \~4 °C, red lines indicate base pairing at 37 °C, different blue or red tones indicate mutually exclusive pairing scenarios, and dashed lines indicate unusual base pairing of G:T near relatively strong intraloop hybrid structures. For clarity, different interaction scenarios are shown in each loop although each loop may adopt all scenarios shown in either loop depending on temperature. (**b**) Cellular activation of human PBMCs. PBMCs were treated without (open triangles) or with dSLIM (filled triangles) at a final concentration of 3 µmol/l for 48 hours. Cells were stained with antibodies against lineage and the indicated activation markers. Frequencies or mean fluorescent intensity of activation markers within the cell populations are shown (means are shown; CD86 of monocytes, *n* = 50; CD86 of B cells, *n* = 48; CD86 of mDCs; CD69 of T cells, NK cells, and NKT cells, *n* = 44; HLA-DR of mDCs and CD40 of pDCs, *n* = 43; HLA-DR of pDCs, *n* = 41; CD169 of monocytes, *n* = 39; \*\*\**P* \< 0.001; paired *t*-test).](mtna201428f1){#fig1}

![**Cytokine secretion by peripheral blood mononuclear cells (PBMCs)**. PBMCs were treated with double-Stem Loop ImmunoModulator (dSLIM) at a final concentration of 3 µmol/l. Cytokine levels in the supernatants were determined by a bead-based multiplex immunoassay or enzyme-linked immunosorbent assay. (**a**) Secreted cytokines from PBMCs treated with dSLIM for 48 hours. Results of individual experiments are shown as analyzed cytokine concentrations corrected for basal concentrations obtained from cells incubated under identical conditions but in the absence of dSLIM (medium control; means are shown; IP-10, *n* = 56; IL-8, *n* = 51; IFN-α, *n* = 49; MCP-1, *n* = 48; IFN-γ, *n* = 47; MIP-1α, MIP-1β, and IL-6, *n* = 45; TNF-α, *n* = 15; IL-12p70 and monokine induced by γ-IFN, *n* = 5; differences between dSLIM-treated PBMCs and medium control are significant for the indicated cytokines; \*\*\**P* \< 0.001; paired *t*-test). (**b**) Time course of cytokine secretion. After the indicated time points, cell culture supernatants were withdrawn and analyzed. The estimated cytokine concentrations were normalized to the maximal concentration for each cytokine in the individual experiment (IFN-γ: 239--396 pg/ml; MIPβ: 641--9,223 pg/ml; MIP-1α: 273--3,300 pg/ml; IL-6: 421--2,486 pg/ml; IFN-α: 584--2,020 pg/ml; MCP-1: 64,440--468,803 pg/ml; IL-8: 814--76,117 pg/ml; IP-10: 91,068--305,908 pg/ml). Means and SEM from four individual experiments are shown IP-10, dashed line, triangle down; IFN-α, circle; IFN-γ, squares; IL-6, dotted line, triangle up. IL-8, dashed line, triangle up; MCP-1, circle; MIP-1-α, squares; MIP-1-β, triangle down.](mtna201428f2){#fig2}

![**Activation of plasmacytoid dendritic cells (pDCs)**. Isolated pDCs were treated with double-Stem Loop ImmunoModulator (dSLIM) (**a,b**) or a non-CG dSLIM (**c**) for 48 hours at a final concentration of 3 µmol/l in the presence of IL-3. (**a**) Expression of activation markers. Frequencies or mean fluorescent intensity of the analyzed activation markers are shown (open triangles, pDCs incubated in medium in the absence of dSLIM; filled triangles, pDCs incubated in medium in the presence of dSLIM (means are shown; CD86, *n* = 24; CD80, *n* = 22; OX-40L, *n* = 21; HLA-DR, *n* = 13; dendritic cell immunoreceptor (DCIR) and PD-L1, *n* = 8; CD40, *n* = 6; \*\**P* \< 0.01; \*\*\**P* \< 0.001; paired *t*-test). (**b**) Cytokines secreted from pDCs after incubation with dSLIM. Cytokine levels in the supernatants of pDCs were determined by a bead-based multiplex immunoassay. Cytokine levels of cells were corrected for background levels obtained after incubation of cells in medium without dSLIM. Differences between dSLIM-treated pDCs and medium were significant for the indicated cytokines (means are shown; *n* = 20 for most cytokines except: monokine induced by γ-IFN (MIG), *n* = 5; IL-12p70 and IFN-γ, *n* = 6; IP-10 and MCP-1, *n* = 4; \*\*\**P* \< 0.001; paired *t*-test). (**c**) Cytokines secreted from pDCs after incubation with non-CG dSLIM. Cytokine levels in the supernatants of non-CG dSLIM-treated pDCs were determined as described for panel B (means are shown; *n* = 3).](mtna201428f3){#fig3}

![**Plasmacytoid dendritic cell (pDC)-dependent immune response in peripheral blood mononuclear cells (PBMCs)**. PBMCs (triangle down) and pDC-depleted PBMCs (circle) were treated with double-Stem Loop ImmunoModulator (dSLIM) (filled symbols) at a final concentration of 3 µmol/l for 48 hours or with medium alone (open symbols). Differences between dSLIM-treated PBMCs and medium alone-treated PBMCs, as well as dSLIM-treated PBMCs and dSLIM-treated pDC-depleted PBMCs were statistically analyzed. (**a**) Cytokines in the supernatant. Cytokine levels in the supernatants were determined by a bead-based multiplex immunoassay or enzyme-linked immunosorbent assay (means are shown; IFN-α, *n* = 7; IFN-γ and IP-10, *n* = 8, repeated measures analysis of variance (ANOVA); Fisher\'s least significant difference (LSD) test). (**b**) Activation markers. Cells were stained with antibodies against lineage and the indicated activation markers. Frequencies or mean fluorescent intensity of the indicated activation markers within the cell populations are shown (means are shown; *n* = 6; \**P* \< 0.05; \*\**P* \< 0.01; repeated measures ANOVA; Fisher\'s LSD test).](mtna201428f4){#fig4}

![**Activation of B cells and B cell-dependent cytokine response in the peripheral blood mononuclear cell (PBMC) pool**. Cells were treated for 48 hours with double-Stem Loop ImmunoModulator (dSLIM) at a final concentration of 3 µmol/l (filled symbols) or in the absence of dSLIM (medium control, open symbols). (**a,b**) Activation of isolated B cells with dSLIM. (**a**) Expression of activation markers. Frequencies or mean fluorescent intensity of the analyzed activation markers are shown (means are shown; *n* = 4; \**P* \< 0.05; \*\**P* \< 0.01; paired *t*-test). (**b**) Cytokine secretion. Cytokine levels in the supernatants of dSLIM-treated isolated B cells were determined by a bead-based multiplex immunoassay. Cytokine levels of medium control were subtracted from the correspondent levels obtained after dSLIM treatment. Differences between dSLIM-treated B cells and medium control were significant for the indicated cytokines (means are shown; *n* = 4; \**P* \< 0.05; \*\**P* \< 0.01; paired *t*-test). (**c**) Role of B cells for the cytokine secretion from PBMCs. PBMCs and B cell-depleted PBMCs were treated with dSLIM and cytokine levels in the supernatants were determined by enzyme-linked immunosorbent assay (means are shown; *n* = 3).](mtna201428f5){#fig5}

![**Concentration-dependent activation by double-Stem Loop ImmunoModulator (dSLIM)**. Cells were treated with dSLIM at the indicated final concentrations ranging from 0.2 to 20 µmol/l. (**a**) Toll-like receptor (TLR)-9 reporter cell. ELAM41 cells were treated with dSLIM (filled circle) or non-CG dSLIM (open circle) for 7 hours. Means and standard error of the mean (SEM) from six (dSLIM) and three (non-CG dSLIM) individual experiments are shown. (**b**) Cytokines secreted from peripheral blood mononuclear cells (PBMCs) incubated with dSLIM for 48 hours. Cytokine levels in the supernatants were determined by a bead-based multiplex immunoassay or enzyme-linked immunosorbent assay. For each individual experiment and cytokine, the analyzed concentration was normalized to the maximal concentration secreted (IFN-γ: 105--715 pg/ml; IFN-α: 45--1,782 pg/ml; IP-10: 19,276--290,295 pg/ml). Means and SEM resulting from the stated numbers of individual experiments are shown (IFN-α, circle, *n* = 11; IFN-γ, square, *n* = 5; IP-10, triangle, *n* = 12). (**c,d**) Expression of activation markers within selected cell populations of human PBMCs. Cells were stained with antibodies against lineage and the indicated activation markers. The measured mean fluorescent intensity (CD86 of plasmacytoid dendritic cells (pDCs) and B cells) or frequency (CD69 of NK cells) of activation markers within the analyzed cell populations were normalized to the maximal values obtained for each analyte in the individual experiment (CD69 of NK cells 2.6--9.9%; CD86 of B cells mean fluorescent intensity 15.5--26.5; CD86 of pDCs mean fluorescent intensity 46.7--572). Means and SEM resulting from the stated number of individual experiments are shown (CD69 of NK cells n = 4 in **c**, CD86 of B cells, *n* = 5, circles; CD86 of pDCs, *n* = 4, squares in **d**).](mtna201428f6){#fig6}

![**Immunomodulatory effects of double-Stem Loop ImmunoModulator (dSLIM) and CpG ODNs**. (**a**) ELAM41 cells were stimulated with increasing concentrations of CpG ODN or dSLIM. dSLIM (red circle, *n* = 13; Hill slope 0.8; EC~50~ 0.1 µmol/l), class A (ODN2216, purple triangle up, *n* = 10; Hill slope 1.9; EC~50~ 1.4 µm), class B (ODN2006, green triangle down, *n* = 10; Hill slope 2; EC~50~ 0.4 µmol/l), class C (M362, blue diamond, *n* = 5, Hill slope 1.6; EC~50~ 0.8 µmol/l). The means of mean fluorescent intensity and SEM for the indicated number of individual experiments are shown. (**b**) ELAM41 cells were half maximally stimulated with dSLIM (0.1 µmol/l), ODN2216 (1.4 µmol/l), ODN2006 (0.4 µmol/l), or M362 (0.8 µmol/l) in the presence of increasing concentrations of the TLR-9 signaling inhibitor chloroquine. For each individual experiment, the mean fluorescence of living ELAM41 cells was normalized to the fluorescence analyzed after incubation with saturating agonist concentrations of 10 µmol/l. (**c,d**) PBMCs were incubated with dSLIM, ODN2216, or ODN2006 at a final concentration of 3 µmol/l for 48 hours. (**c**) Secreted cytokines. Cytokine levels in the supernatants were determined by a bead-based multiplex immunoassay or enzyme-linked immunosorbent assay (means are shown; IFN-α and IP-10, *n* = 21, each; IFN-γ, *n* = 15, only differences between dSLIM and the two CpG ODN were evaluated; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; repeated measures analysis of variance (ANOVA); Fisher\'s least significant difference (LSD) test). (**d**) Cellular activation. Peripheral blood mononuclear cells were stained with antibodies against lineage and the indicated activation markers. Frequencies or geometric means of activation markers within the cell populations are shown (means are shown; CD86 of monocytes, *n* = 18, CD169 of monocytes, *n* = 17, CD69 of NK cells, *n* = 16, only differences between dSLIM and the two CpG ODN were evaluated; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; repeated measures ANOVA; Fisher\'s LSD test).](mtna201428f7){#fig7}

###### Induction of natural killer cell (NK cell)--mediated cytotoxicity in PBMCs
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